Osteogenesis imperfecta (OI) is a clinically and genetically heterogeneous disease due primarily to mutations in the type I procollagen genes, COL1A1 and COL1A2, causing bone deformity and numerous lifetime fractures. OI murine (oim) model mice carry a mutation in the col1a2 gene causing aberrant production of homotrimeric type I collagen [a1(I) 3 ], leading to bone fragility and glomerular accumulation of type I collagen. Previous studies demonstrated that heterozygous (+/oim) and homozygous (oim/oim) mice have elevated tibiae fluoride concentrations but reduced femoral biomechanics.
Introduction
Osteogenesis imperfecta (OI) 6 is a clinically and genetically heterogeneous disease due primarily to mutations in type I procollagen genes, COL1A1 or COL1A2, leading to bone deformity, fragility, and numerous lifetime fractures (1) . Type I collagen is normally found as a heterotrimer made of 2 a1(I) chains and 1 a2(I) chain [a1(I) 2 a2(I)]. However, a homotrimeric variant [a1(I) 3 ] exists embryonically (2, 3) and in some cancers (4) (5) (6) and may play a role in wound healing (7, 8) . Clinically, OI is classified based on clinical presentation (9) , with type III being the most severe form compatible with life and characterized by short stature, extreme bone fragility, numerous lifetime fractures, and progressive bowing of long bones, often restricting patients to wheelchairs (10) . Mice homozygous for the OI murine (oim) mutation (oim/oim) harbor a single nucleotide deletion in the col1a2 gene producing a functionally null a2(I) chain that is unable to incorporate into the type I collagen molecule (11) . Therefore, these mice produce only homotrimeric type I collagen with a skeletal phenotype similar to human OI type III, including long bone deformity and frequent fracture (10, 11) . Heterozygous (+/oim) mice have 1 functional a2(I) allele and, therefore, produce a mixture of heterotrimeric and homotrimeric type I collagen, producing a milder OI phenotype.
Bone is a 2-component composite material made of an organic phase (type I collagen) and a mineral phase (hydroxyapatite crystals). Type I collagen allows the bone to deflect in response to forces and hydroxyapatite crystals provide strength and stiffness (12) . This combination gives bone properties unlike either component alone (12) . Within the bone, collagen fibrils align in a stereotypical way to maximize the strength of the tissue and act as a blueprint for mineralization (13) . Although hydroxyapatite crystals are normally composed of calcium, phosphate, and hydroxy ions {[3Ca 3 (PO 4 ) 2 ]×(OH) 2 }, many impurities, such as fluoride, exist, affecting the bone quality. Fluoride substitutes for the hydroxyl group to form a less soluble fluorohydroxyapatite crystal (14) . Fluoride also has biphasic effects, being beneficial at low doses but detrimental at high doses (14) . In postmenopausal women, fluoride therapy caused thickening of the trabeculi but induced loss of cortical bone, putting the bone at risk for fracture (15) . Previous studies in oim mice showed a striking association of increased tibial fluoride concentration and reduced femoral strength (16) . At 4 mo of age, oim/oim mice had significantly more fluoride in their tibiae than wild-type and +/oim mice as well as significantly reduced whole bone torsional ultimate strength (T max ), material tensile strength (Su), and whole bone energy to failure (U) (16) . Fluoride concentrations of +/oim tibiae were intermediate to wild-type and oim/oim, as were femoral biomechanics (16, 17) .
Unlike human OI patients, +/oim and oim/oim mice also have a glomerulopathy in which homotrimeric type I collagen accumulates in the glomerulus of the kidney (18) , leading to disruption of the glomerular basement membrane and reduced filtration demonstrated by microalbuminuria (19) . The degree of collagen deposition corresponds to oim gene dose and microalbuminuria, with +/oim having mild glomerular lesions and microalbuminuria and oim/oim mice having moderate to severe lesions and microalbuminuria (19) . Because elimination of fluoride from the body occurs almost exclusively via urinary excretion (20) and modest reductions in renal function can substantially alter the excretory and metabolic functions of the kidney (21), it is not surprising that +/oim and oim/oim mice have altered bone mineral profiles compared with wildtype (16) .
Dietary exposures to high concentrations of fluoride in humans have been associated with bone pain and osteosclerosis (22) (23) (24) and are perhaps best illustrated in 2 otherwise healthy postmenopausal women who consumed large quantities of extra-strength instant tea. Neither woman had impaired renal function or other remarkable medical history, but each was reported to suffer from diffuse skeletal pain and discomfort. Serum and urine concentrations of fluoride were also elevated beyond the normal reference range (23, 24) . The tea preparations consumed daily by these women contained 37-74 mg of fluoride, much higher than the 3 mg regarded as an adequate daily intake by the Institute of Medicine for dental health without any adverse effects (25) . Shortly after discontinuing tea consumption, serum and urine fluoride concentrations in both women returned to normal and one reported no residual skeletal pain (23, 24) . Li et al. (26) found the incidence of bone fractures to be lower among persons drinking fluoridated water compared with those whose water contained ,0.3 mg fluoride/L. However, fracture incidence increased among persons whose water contained .5.0 mg/L, demonstrating the biphasic effects of fluoride on bone strength (26) .
The goal of this study was to determine whether dietary fluoride restriction would improve femoral biomechanics of +/oim and oim/oim mice. It is unclear whether the negative association between bone biomechanics and fluoride content in +/oim and oim/oim mice was causal or whether the increase in bone fluoride content was simply due to higher plasma fluoride concentrations resulting from impaired renal function. Because a direct relationship between plasma and bone fluoride concentrations is known to exist (27) , it is possible that the elevated concentrations of fluoride in +/oim and oim/oim tibiae are simply due to excess plasma fluoride due to the reduced renal function. Therefore, wild-type, +/oim, and oim/oim mice were fed either a control or fluoride-restricted diet for 13 wk, at which time plasma and femora were analyzed for fluoride content and biomechanical properties.
Materials and Methods
Mice. Heterozygous B6C3Fe a/a-Col1a2oim/J (+/oim) mice were purchased from Jackson Laboratory and bred in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility at the University of Missouri-Columbia to produce wildtype, heterozygous (+/oim), and homozygous (oim/oim) mice. All experimental manipulations were performed under an approved University of Missouri Animal Care and Use Protocol. At the time of weaning (d 21), mice were randomly assigned to either the control or experimental group. Control mice (wildtype, n = 14; +/oim, n = 17; oim/oim, n = 5) consumed ad libitum a control diet (Purified Basal Diet no. 5755, 1.3-cm pellets, TestDiet; 5.79 mg fluoride/kg) ( Table 1 ) and tap water (1.19 mg fluoride/L) whereas mice in the experimental group (wildtype, n = 12; +/oim, n = 14; oim/oim, n = 4) had ad libitum access to a low-fluoride (restricted) diet (Low Fluoride Purified Diet no. 5861, 1.3-cm pellets, TestDiet; 1.71 mg fluoride/kg) and Napa Nectar (SE Lab Group; 0.94 mg fluoride/L). Napa Nectar is a water gel pack designed to replace water and was used in this study as a lower-fluoride alternative to the tap water provided to the mice in the control group. Genotypes (wildtype, +/ oim, oim/oim) were determined as previously described (28) . Mice of each genotype were killed at 4 mo via CO 2 asphyxiation and weighed, blood was collected by exsanguination, and kidneys and femurs harvested. Femurs were cleaned of soft tissue attachments and wrapped in strips of sterile gauze soaked in sterile 13 PBS for long-term storage at -808C. The capsule was removed from the kidney before fixation in 10% phosphate buffered formalin for 48 h followed by long-term storage in 70% ethanol at room temperature. Dietary fluoride restriction in oim mice 1753 microCT analysis and torsional loading to failure. Geometric parameters were defined from right femurs by microCT scan analysis (MicroCAT II, Siemens Medical) prior to ex vivo torsional loading to failure as previously described (16) . The geometrical parameter polar moment of area (mm 4 ) was used as an overall measure of the amount of bone as previously described (16) . Whole bone parameters of strength (T max and U) and stiffness [torsional stiffness (Ks)] are descriptors of the whole bone, taking into account both the material comprising the bone and the size and shape of the bone. Material properties of strength (Su) and stiffness [shear modulus of elasticity (G)] are descriptors of the material the bone is made of, independent of the size and shape of the bone [per diet: wildtype, n = 12-14; +/oim, n = 11-14; oim/oim, n = 4-5].
Plasma, bone, water, and food fluoride analyses. Blood (0.5-1.0 mL) was stored with heparin ammonium salt on ice, centrifuged at ;3300 3 g to separate plasma from red blood cells, and stored at -808C. When small volumes made it necessary, plasma samples from mice of like genotypes and treatment groups were pooled. Femurs were ashed at 600-6308C overnight and pulverized to a fine white powder prior to analysis. After overnight diffusion using the hexamethyldisiloxanefacilitated diffusion method (20, 29) , plasma, bone ash, drinking water, food samples, and bracketing fluoride standards were analyzed in triplicate using the fluoride ion-specific electrode (model 9409, Orion Research) and a miniature calomel reference electrode coupled to a potentiometer (model 720A, Orion Research) as previously described in detail (30) . Measured values were converted to molar values by using the molecular weight of fluoride (19.0 g/mol).
Determination of glomerular type I collagen deposition. Kidneys from 7-12 wildtype, 10-17 +/oim, and 3-5 oim/oim mice per diet group were fixed in formalin, paraffin embedded, sectioned longitudinally, and stained with Picrosirius red (PSR) stain to determine the extent of glomerular collagen deposition (histological lesion scoring) as previously described (18, 19) . Lesion scores range from 0 (no glomerular collagen deposition) to 4 (severe glomerular collagen deposition) (18, 19) . The relative amount of collagen deposition/glomeruli and the total number of affected glomeruli were considered.
Statistics. The data were analyzed using the SAS program (SAS Institute) as a completely randomized design in which the treatments were arranged as a 3 3 2 factorial (3 genotypes, 2 diets). When there was an interaction between diet and genotype, all values are presented ( Table 2) . When there was no interaction, only the main effect means are presented ( Table 3) . Power analysis of the current findings indicated sample sizes were sufficient for each genotype per diet to provide a power of at least 0.8 with a = 0.05; therefore, additional mice were not tested. When heterogeneous variations made it necessary, a log transformation was used to stabilize heterogeneous variation. Mean differences were determined using Fisher's protected least significant differences. Means and SE presented are untransformed values, although P-values are for the transformed data. Pearson correlations and a simple linear regression analysis were run to determine relationships between parameters. Results are presented as mean 6 SE. Differences were considered significant at P # 0.05.
Results
Impact of diet on fluoride concentrations, body weight, and glomerular collagen deposition. Both circulating and bone fluoride concentrations were significantly reduced in mice fed the fluoride-restricted diet, regardless of genotype (Tables 2  and 3 ), indicating the restricted diet reduced the bioavailability and tissue concentrations of fluoride. As expected, total body mass did not differ between treatment groups (Table 3) , although oim/oim mice weighed~25 and 19% less than wildtype and +/oim mice, respectively, regardless of diet (11, 16) . Kidney lesion scores were not altered in wildtype, +/oim, or oim/ oim mice by the restricted diet (Fig. 1) .
Femoral diaphyseal and bone material properties. Femoral geometry parameters were unaffected by diet, regardless of genotype (Table 2) , although cortical bone width was 10% greater in femora from oim/oim mice fed the restricted diet compared with those fed the control diet (P = 0.06). As expected, femora from +/oim mice had at least 10% less bone than their wildtype littermates and femora from oim/oim mice had at least 37% less bone than their wildtype littermates, regardless of diet (11, 16) . Whole bone biomechanical parameters of strength (T max and U) and stiffness (Ks) were unaffected by diet (Table 3) . Femora from oim/oim mice were biomechanically weaker than their wildtype littermates, regardless of diet, as demonstrated by lower T max and U of at least 58 and 66%, respectively (11, 16) . Conversely, diet did affect bone material property measurements of strength (Su) and stiffness (Ks) in femora from oim/oim mice (Table 3) . Tensile strength was significantly reduced in femora from oim/oim mice fed the restricted diet compared with femora from those fed the control diet (Table 2) . G also tended to be lower in femora from oim/oim mice fed the restricted diet than in those fed the control diet (P = 0.06). Tensile strength was also significantly reduced by at least 29 and 26% in femora from oim/ oim mice compared with femora from wildtype and +/oim mice, respectively, as expected (11, 16) .
Regression analyses. Lesion score had a strong, negative association with bone biomechanical parameters of strength (T max, r = 0.82, P , 0.0001; Su, r = 0.60, P , 0.0001; U, r = 0.74, P , 0.0001) and stiffness (Ks, r = 0.49, P , 0.05). As lesion score increased, biomechanical integrity and stiffness decreased (data not shown; P , 0.05). Lesion score was not associated with either plasma or bone fluoride concentrations, but plasma and bone fluoride concentrations had a strong, positive association with one another (R 2 = 0.66; P , 0.05).
Discussion
The goal of this study was to determine whether femoral biomechanics of +/oim and oim/oim mice would improve with dietary fluoride restriction, particularly in the presence of impaired renal function. Dietary fluoride restriction did significantly reduce fluoride concentrations in both plasma and femora without affecting whole body weight, femoral geometry (Tables 2 and 3 ), or renal lesion score (Fig. 1) . Although dietary fluoride restriction did not improve whole bone strength (T max and U) or stiffness (Ks) ( Table 3) , it did reduce bone material tensile strength (Su) in oim/oim femora compared with oim/oim mice fed the control diet (Table 2 ). Bone material property shear modulus of elasticity (G) also tended to be lower in femora from oim/oim mice fed the restricted diet than in those fed the control diet ( Table 2 ) (P = 0.06). These data suggest that dietary fluoride restriction actually reduced bone material strength and elasticity without affecting whole bone strength and stiffness. We also demonstrated that dietary fluoride restriction did not overcome the femoral biomechanical deficits in +/oim and oim/ oim mice. Unexpectedly, tensile strength, a measure of the strength of the bone material, was significantly reduced in femora from oim/oim mice fed the restricted diet, indicating that the elevated concentrations of fluoride in the original study (16) may actually have had a positive impact on oim/oim bone. Oim/ oim mice fed the restricted diet had a 63% reduction in femoral FIGURE 1 Extent of glomerular type I collagen deposition in wildtype, +/oim, and oim/oim mice fed a control or fluoride-restricted diet for 13 wk. Representative PSR staining demonstrates that wildtype mice did not have any glomerular type I collagen deposition, regardless of diet (lesion score of 0). +/oim mice had mild glomerular collagen deposition (lesion score of 1), whereas oim/oim mice had moderate to severe glomerular collagen deposition (lesion score of 3). Glomerular collagen deposition did not differ between kidneys from +/oim or oim/oim mice fed the fluoride-restricted diet and mice of the same genotype fed the control diet. Representative glomeruli are denoted by asterisks and arrows denote PSR-positive blood vessels included as internal positive controls.
Dietary fluoride restriction in oim mice 1755 fluoride concentrations as well as a 36% reduction in Su compared with oim/oim mice fed the control diet. This suggests that the higher bone fluoride concentrations of oim/oim mice may enhance the tensile strength of the bone, helping to compensate for the weaker bone material. As the type I collagen accumulates in the kidney, glomerular filtration is reduced with a concomitant increase in microalbuminuria. The reduction in filtration is likely responsible for the excess of fluoride found in the plasma of oim/oim mice fed the control diet. Because the skeleton houses ;99% of the body's fluoride (31) , an increase in plasma fluoride would increase uptake by the skeleton and be reflected in femoral fluoride concentrations. The negative association observed between lesion score and femoral biomechanics may be independent of the bone disease in these mice as lesion scores increase in oim/oim mice, which also have significantly reduced biomechanics, so it is not surprising that those mice with high lesions/reduced filtration are the same mice with the most compromised bones. The correlation of elevated fluoride concentrations and reduced biomechanics may simply be a reflection of 2 separate problems, renal disease and impaired bone biomechanics, within the same animal due to the oim mutation. This suggests that homotrimeric type I collagen leads to biomechanically inferior bones, independent of bone fluoride concentrations. The increased concentrations of fluoride in the bone may be due solely to a stoichiometric process and not a compensatory mechanism. As the plasma concentrations of fluoride increase, so too will the bone fluoride concentrations (20) . Taken together, these data indicate that in the oim model, dietary fluoride restriction reduces femoral fluoride burden and material Su without affecting whole bone T max . These data indicate that the reduced femoral biomechanical strength in oim mice is not dictated by femoral fluoride concentrations but rather the presence of a type I collagen mutation leading to the production of homotrimeric type I collagen.
